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Introduction
The ability to select goal-relevant information while ignoring irrelevant distraction is essential for survival. In everyday life, selection of incoming information is accomplished via two functionally distinct but complementary attention mechanisms (Corbetta and Shulman, 2002) . A voluntary top-down control mechanism directs attention to objects and events relevant to current goals (Desimone and Duncan, 1995; Kastner and Ungerleider, 2000) ; but attention can be also captured automatically in a bottom-up fashion by salient stimuli in the environment Jonides, 1984, 1990; Theeuwes, 1991; Itti and Koch, 2001) . If top-down control is insufficient, then the bottom-up mechanism dominates, leading to distractibility and difficulty in maintaining attention on the relevant task. Distraction can impair productivity and increase the risk of accidents (Larson and Merritt, 1991; Wallace and Vodanovich, 2003) .
Across individuals, there is a large variability in the ability to maintain attention in the presence of distractors (Davies et al., 1984) . The Cognitive Failures Questionnaire (CFQ) (Broadbent et al., 1982) consists of 25 items that assess everyday absentmindedness and failures of attention, and thus indexes this variation in distractibility. The CFQ is a simple self-report assessment; nonetheless, previous studies have established its reliability and validity in quantifying the distractibility of individuals. CFQ scores are stable over a long period of time, with a marked test-retest consistency even after 16 months (Broadbent et al., 1982) , and scores from self-report highly correlate with those derived from ratings by their spouses. Moreover, CFQ scores predict attention performance in laboratory settings (Tipper and Baylis, 1987; Forster and Lavie, 2007) . Individuals with high CFQ scores are slow at responding to a target in the presence of concurrent distracting stimuli, while in the absence of distractors, their performance is comparable to individuals with low CFQ scores (Tipper and Baylis, 1987) . CFQ scores also predict performance in divided attention tasks (Martin and Jones, 1983) . These findings indicate that CFQ scores provide consistent and reliable estimates of an individual's ability to suppress task-irrelevant distraction.
Surprisingly, susceptibility to distraction is highly heritable. A study of Ͼ3000 Dutch adolescent twins and their biological parents assessed heritable contributions to CFQ by comparing the similarity of CFQ scores within pairs of monozygotic twins to that within pairs of dizygotic twins (Boomsma, 1998) . The results revealed that as much as 50% of interindividual variability in CFQ scores can be attributed to genetic factors. This degree of heritability suggests that variability in CFQ scores may be mediated by genetic influences on the brain, which may be expressed via variability in brain structure.
We therefore hypothesized that interindividual variability in distractibility would be associated with differences in brain structure involved in control of selective attention. To test this hypothesis, we measured both CFQ scores and magnetic resonance imaging (MRI) brain scans in 145 healthy adult individuals. We tested whether the distractibility component of the CFQ (derived from the standardized loadings reported in previous studies-see Materials and Methods for full details) predicted brain structure using optimized voxel-based morphometry (VBM). We focused our analyses on the frontal and parietal lobes, as they are considered critical for attentional control (e.g., Corbetta and Shulman, 2002) .
Materials and Methods

Experiment 1: voxel-based morphometry of everyday distractibility
Participants. For the VBM experiment, a total of 145 healthy volunteers with normal or corrected-to-normal vision (aged 18 -32, mean 23.6 Ϯ 4.76 SD, 95 female) were recruited from the University College London subject pool. The experiments were approved by the local ethics committee.
Assessment of daily distractibility. All participants were asked to fill out the CFQ, which was used to assess distractibility in daily life (Broadbent et al., 1982) . The CFQ requires respondents to rate the frequency with which they experience 25 common cognitive failures in perception, memory, and motor function on a scale of 0 to 4, with 0 indicating never and 4 meaning very often, e.g., "How often do you fail to see what you want in a supermarket (although it's there)?" While the CFQ is generally considered to reflect an individual's distractibility, the questionnaire also encompasses a broad range of common errors in everyday situations. Previous factor-analysis studies identified that the CFQ consists of four principal factors, i.e., distractibility, memory, blunders, and names (Wallace et al., 2002; Wallace, 2004) . To focus on the distractibility component, we extracted the distractibility subscale using the standardized loadings derived from the previous factor analysis ( Wallace et al., 2002) .
MRI data acquisition. MR images were acquired on a 1.5 T Siemens Sonata MRI scanner (Siemens Medical). High-resolution anatomical images were acquired using a T1-weighted three-dimensional modified driven equilibrium Fourier transform sequence (repetition time ϭ 12.24 ms; echo time ϭ 3.56 ms; field of view ϭ 256 ϫ 256 mm; voxel size ϭ 1 ϫ 1 ϫ 1 mm).
VBM preprocessing and analysis. T1-weighted MR images were first segmented for gray matter (GM) and white matter using the segmentation tools in Statistical Parametric Mapping 8 (SPM8, http://www.fil.ion. ucl.ac.uk/spm). Subsequently, we performed diffeomorphic anatomical registration through exponentiated lie algebra (DARTEL) in SPM8 for intersubject registration of the GM images (Ashburner, 2007) . To ensure that regional gray matter volume is maintained after the registration, the registered images were modulated by the Jacobian determinant of the flow fields computed by DARTEL. The registered images were smoothed with a Gaussian kernel of 8 mm full-width at half-maximum and were then transformed to Montreal Neurological Institute (MNI) stereotactic space using affine and nonlinear spatial normalization implemented in SPM8.
A multiple regression analysis was performed on the smoothed gray matter images in SPM8 to determine regions in which gray matter density showed a positive correlation with everyday distractibility. We constrained our search volume to frontal and parietal lobes using a standard atlas to construct a mask for those lobes together (MNI structural atlas) (Collins et al., 1995; Mazziotta et al., 2001 ). The total gray matter volume of individual brain was included in the design matrix to regress out the general size difference across the participants. We used a threshold of p Ͻ 0.05, corrected for multiple comparisons across the frontoparietal mask volume using the familywise error rate (FWE).
Experiment 2: attentional capture and transcranial magnetic stimulation
Participants. Eighteen healthy participants with normal or corrected-tonormal vision (aged 19 -35, mean ϭ 24.3 Ϯ 4.9 SD, 14 female) were recruited. Since the purpose of this experiment was to observe effects of transcranial magnetic stimulation (TMS) on attentional capture, we selected participants who showed some degree of attentional capture to avoid floor effects in case TMS turned out to reduce attentional capture. Data from two participants were discarded on this criterion because they did not show any effects of attentional capture in the baseline condition (i.e., Ͻ0 ms). Another one participant was rejected because he performed the task very poorly (accuracy was 57.5%, not significantly above chance in the incongruent condition). All of the remaining 15 participants (age 19 -35, mean 24.1 Ϯ 5.2 SD, 3 male) were right handed. In both experiments, we obtained written informed consent from all participants before the TMS session. The local ethics committee at University College London approved the experiments.
Stimuli and procedure. The stimuli were a visual search array presented at 57 cm from the observer's eyes, against a black background on a 19 inch monitor using Cogent Toolbox (http://www.vislab.ucl.ac.uk/cogent.php) running under MATLAB (The MathWorks).
The experimental display (see Fig. 2 A, B) consisted of five shapes that were equally spaced in a circular arrangement, presented at 9°eccentric-ity from a central fixation point. Shapes consisted of four diamonds (diameter: 2.25°) serving as distractors and one target circle (diameter: 2.25°). In the center of each shape was a white line segment (length: 0.68°; thickness: 0.1°) randomly assigned to be either horizontal or vertical. Participants were instructed to respond to the orientation of the line segment inside the target circle as quickly and as accurately as possible by pressing "B" to indicate horizontal and "N" for vertical on a keyboard, using their left and right index fingers, respectively. In 50% of trials, the target circle was red and all diamonds were green (see Fig. 2 A) . In these trials, task-irrelevant color singleton (red) was congruent with the taskrelevant shape singleton (circle). In the remaining trials, one of the diamonds (but not the circle) was red, meaning that task-relevant shape and color singletons were incongruent (see Fig. 2 B) . Congruent and incongruent trials were pseudorandomly interleaved.
Each experimental trial began with the presentation of a fixation point for duration between 500 and 1000 ms chosen from a uniform random distribution, followed by the presentation of the visual search array. The search array was then presented on the screen for 500 ms, followed by a response period of 1600 ms. Participants were asked to maintain eye fixation throughout the experiment.
Before the main experiment, participants were given a practice block (20 trials) to ensure that they understood the task and instructions. Feedback regarding accuracy was given in the practice block, but not in the main blocks. Participant completed two runs (12 blocks in each run, 20 trails in each block) before receiving TMS and another two runs after TMS, resulting in a total of 960 trials. The first run was treated as a practice session. The two stimulation sites [left superior parietal lobe (SPL) and vertex] were tested on separate days and the order of the sites was counterbalanced across participants.
Analysis. The size of attentional capture was computed as the difference between the mean reaction time (RT) in the incongruent condition minus the mean RT in the congruent condition. In computing the mean RTs, on average, 9.6% of trials were excluded from analysis due to incorrect responses and Ͻ0.1% due to excessively slow response (Ͼ1500 ms).
The items in the search display were arranged such that two items were in the left visual field (LVF) and two items in the right visual field (RVF) (see Fig. 2 A, B). One item was along the vertical meridian above the fixation point. In the analysis where we report the performance in LVF and RVF separately, those four target positions were used and the trials in which the target appeared at the top position were omitted to avoid ambiguity.
TMS protocol. We delivered the standard continuous theta-burst stimulation (cTBS) protocol, i.e., three pulses at 50 Hz repeated at 200 ms intervals for 40 s. The TMS pulses were delivered by a Magstim Rapid 2 at 40% of stimulator output using a figure-of-eight coil. This protocol is known to depress cortical excitability at the stimulated region for up to 60 min (Huang et al., 2005) . The position of the left SPL was obtained by converting the coordinates obtained from the VBM analysis (above) for individual participants using FSL software (FMRIB, Oxford, UK). The target sites determined for individual participants were used to guide TMS coil position using a frameless stereotaxic system (Brainsight, Rogue Research).
Experiment 3: attentional capture and CFQ
Participants. Data were collected from a total of 28 healthy participants with normal or corrected-to-normal vision (aged 18 -35, mean ϭ 23.5 Ϯ 4.8 SD, 24 female). Attentional capture data from the 15 participants completing the pre-TMS baseline condition on the first day in the TMS experiment (experiment 2) were combined with new data from additional 13 participants.
Stimuli and procedure. The stimuli and procedure of the experiment were identical to the TMS experiment except that the new participants completed only the two blocks, which corresponded to the pre-TMS condition (12 blocks in each run, 20 trails in each block). As in the TMS experiment, we treated the first block as a practice run and used the data from the second run for estimating the size of attentional capture. When we estimated individuals' attentional capture size from the data obtained in experiment 2, we used the data from the pre-TMS condition on the first day. Therefore, the exposures to the task at the time when the degree of attentional capture was measured were identical between the two groups. All participants filled out the CFQ (Broadbent et al., 1982) .
Results
Voxel-based morphometry and distractibility
Our VBM analysis revealed that interindividual variability in the gray matter volume of the left SPL positively correlated with distractibility indexed by the CFQ scores ( Fig. 1 A) (MNI coordinate: x ϭϪ15, y ϭϪ61, z ϭ 54, r ϭ 0.380, t (142) ϭ 4.88, p ϭ 0.015 FWE corrected for parietal and prefrontal cortical volume examined; see Materials and Methods). No other brain region reached statistical significance for a positive correlation between distractibility and gray matter volume (p Ͻ 0.05, FWE corrected for either whole brain or parietal and prefrontal cortex). A weak negative correlation between gray matter volume and distractibility was found in the left mid prefrontal cortex (Fig. 1 B) (x ϭϪ24, y ϭ 23, z ϭ 40, r ϭϪ0.283, t (142) ϭ 3.51, p Ͻ 0.001 uncorrected). However, this did not reach statistical significance after correction for multiple comparisons (p ϭ 0.755, FWE corrected).
As has been reported in previous studies (e.g., Boomsma, 1998), we found a significant gender difference in distractibility scores. Specifically, female participants had higher distractibility scores than male participants [13.5 Ϯ 3.7 (SD) vs 11.5 Ϯ 3.6 (SD); t test, t (143) ϭ 3.31, p Ͻ 0.01]. This raised the concern that the observed gray matter correlates might be driven primarily by gender differences in brain structure. To examine this possibility, we computed the correlation between the left SPL and distractibility for male and female groups separately (Fig. 1C) . We found comparable and statistically significant correlations between the gray matter density of the left SPL and distractibility scores for both male and female groups (male, t (52) ϭ 2.52, r ϭ 0.320, p ϭ 0.014; female, t (85) ϭ 3.36, r ϭ 0.342, p ϭ 0.001). These withingender correlations show that the correlation between the structure of the left SPL and everyday distractibility that we observed was not driven by gender differences.
The positive correlation between gray matter density of the left SPL and the distractibility score has at least two possible functional interpretations. First, increased gray matter density of the left SPL might make people more sensitive to bottom-up saliency, thereby making it difficult to ignore task-irrelevant stimuli. We will refer to this as the bottom-up saliency hypothesis. The second possibility, which we will refer to as the top-down control hypothesis, is that the left SPL exerts top-down control to suppress distraction from bottom-up saliency. This implies-paradoxically-that a lower gray matter density in SPL is associated with greater effectiveness at suppressing task-irrelevant stimuli (see also Discussion). To distinguish these two hypotheses, we next examined how TMS over the left SPL region influenced individual distractibility in a new group of 18 healthy adult participants (see Materials and Methods for full details).
Effects of TMS over left SPL on attentional capture
To quantify distractibility before and after TMS, we used an attentional capture paradigm (Theeuwes, 1991 (Theeuwes, , 1992 (Theeuwes, , 1994 de Fockert et al., 2004) in which a salient yet task-irrelevant stimulus interferes with goal-relevant behavior. In the attentional capture paradigm, the delay in a visual search task by the presence of an irrelevant yet salient stimulus was taken as the measure of distraction (see Materials and Methods for full details).
Our two hypotheses regarding the role of the left SPL made different predictions for this TMS experiment: The bottom-up saliency hypothesis predicted that suppression of the left SPL with TMS would decrease the amount of attentional capture. In contrast, the top-down control hypothesis predicted that disrupting the function of this area with TMS would lead to increased attentional capture. Figure 2C shows the results of the TMS experiment. We measured attentional capture before TMS and after application of TMS to either the vertex (control) or left SPL. Before TMS, attentional capture did not differ for vertex or SPL conditions (for pre-TMS, t (14) ϭ 0.78; p ϭ 0.44; paired t test comparing vertex and SPL conditions). After application of the TMS to these sites, significant differences in attentional capture were found. Attentional capture was significantly larger when TMS was applied to SPL compared to vertex (for the first post-TMS session, t (14) ϭ 2.289; p ϭ 0.038; for the second post-TMS session, t (14) ϭ 2.286; p ϭ 0.038). This significant increase in attentional capture supports the hypothesis that the left SPL is involved in top-down control of attention by maintaining attention to task-relevant stimuli while suppressing salient distractors.
To understand whether the increase in attentional capture was driven by performance changes in incongruent trials or both congruent and incongruent trials, we further analyzed the RTs and accuracy in congruent and incongruent trials separately. The figure shows that TMS over the left SPL did not affect the RTs in congruent trials (Fig. 3B) , whereas it selectively increased RTs for incongruent trials (Fig. 3A) . While the differences in RTs in the incongruent trials were only marginally significant (two post-TMS sessions combined: t (14) ϭ 1.34, p ϭ 0.09), this analysis suggests that the significant effect observed in attentional capture was driven by the change in incongruent trials. A further analysis on accuracy did not show any difference between the left SPL and control conditions in either incongruent (Fig. 3C) or congruent (Fig. 3D) trials. The selective effect on incongruent trials further provide support for the notion that the function of the left SPL is to avoid distraction from task-irrelevant, salient stimuli.
Finally, we examined whether the effect of TMS over left SPL was specific to the trials in which the target appeared contralateral to the TMS site (i.e., RVF) or bilateral regardless of target position. The size of attentional capture was computed for trials in which the target appeared ipsilateral to the TMS site (in the LVF) and contralateral to TMS site (in the RVF) separately (Fig. 4) . This analysis showed that the effect of TMS to left parietal cortex affected both visual fields, i.e., the increase in attentional capture was observed both in the LVF t (14) 
Correlation between attentional capture and CFQ score
The TMS experiment supports the hypothesis that the left SPL, whose gray matter volume reflected everyday distractibility as measured by CFQ, plays a causal functional role in suppressing attentional capture. Although the attentional capture task was chosen to quantify distractibility in a laboratory setting, it remains unclear whether attentional capture itself is related to individuals' everyday distractibility. Given the vastly different approaches to measure distractibility of individuals (i.e., a computer-based, abstract visual task involving orientation discrimination vs a pencil-and-paper questionnaire), it is conceivable that the kind of distractibility measured by the two methods may be different. We therefore examined the relationship between the size of attentional capture and the CFQ scores in a total of 28 participants. If these two measures of distractibility share overlapping mechanisms, a systematic relationship should be observed between them.
The scatter plot in Figure 5 depicts the relation between attentional capture size and CFQ scores. As predicted, we found a significant correlation between attentional capture and CFQ score (r ϭ 0.394, t (26) ϭ 2.18, p Ͻ 0.05). Even when we excluded four participants who did not show any attentional capture from the analysis, the positive correlation remained significant (r ϭ 0.344, t (22) ϭ 1.72, p Ͻ 0.05). These results confirm our intuition that the attentional capture paradigm used in the TMS experiment and self-reported distractibility scores of CFQ test do indeed assess overlapping cognitive and neurobiological phenomena.
Discussion
We investigated whether interindividual variability in everyday distractibility was reflected in human brain structure. Our VBM results established that variability in regional gray matter density of the left SPL predicted an individual's distractibility in everyday life. The results of a second TMS experiment validated this link by showing a causal relationship between left SPL function and the behavioral effect of attentional distraction caused by taskirrelevant salient stimuli. Specifically, the TMS experiment indicated that the left SPL is involved in the top-down control of attention to avoid distraction.
Our findings that the left SPL is involved in top-down attentional control and suppression of salient task-irrelevant stimuli receives further support from earlier studies. The SPL is activated bilaterally when an irrelevant color singleton is present in a visual search task (de Fockert et al., 2004) . Moreover, left parietal cortex is functionally specialized in attentional control (Mevorach et al., 2006 . The left intraparietal sulcus is activated when low saliency stimuli have to be selected while ignoring salient stimuli. In contrast, right parietal cortex responds to saliency per se regardless of task relevance ). Furthermore, TMS over the left parietal cortex disrupts the ability to suppress attentional capture by salient stimuli (Mevorach et al., 2006) , whereas TMS over the right parietal cortex reduces attentional capture by suppressing the saliency of task-irrelevant stimuli (Hodsoll et al., 2009 ). These findings converge to the conclusion that the left SPL plays a specific role in suppressing distracting stimuli and offer an explanation for our finding that distractibility was associated with the left SPL, rather than the right SPL.
One previous study has reported a TMS experiment conceptually similar to ours (Hodsoll et al., 2009) . In that earlier study, attentional capture was reduced by 1 Hz repetitive TMS (rTMS) over the right parietal cortex (identified as P4 in the international 10-20 EEG system), but no significant effect was found with rTMS over the left parietal cortex (P3). The discrepancy between the present study and those earlier findings can be attributed to several factors. First, in the present study we defined the position of left SPL by the MNI coordinate of the cluster found in the VBM study and used MRI neuro-navigation method to position the TMS coil at the location specifically for each individual. In contrast the previous study used the international 10-20 system (i.e., P3 and P4), which leads to differences in statistical power (Sack et al., 2009) . Specifically, it is estimated that the international 10-20 system requires Ͼ40 participants to reach the same statistical power as a TMS study with 14 participants using a coordinatebased targeting with an MRI neuro-navigation system. The number of participants in the present study was 15, whereas it was 8 in the study by Hodsoll et al. (2009) . Second, the target site for our left SPL does not correspond to P3 targeted by Hodsoll et al. (2009) . When the left SPL was projected to the 10-20 system on the scalp (Olaf Steinstrater, www.uni-muenster.de/ger/t2tconv/ conv3d.html), it corresponded to the midway point between P3 and Pz. This distance on the scalp (ϳ3-4 cm) is larger than the spatial specificity of TMS, enabling this technique to target separate neuronal populations and produce dissociable results (Pitcher et al., 2009; Kanai et al., 2010 Kanai et al., , 2011 . Thus, it is highly likely that the left parietal region stimulated in the study by Hodsoll et al. (2009) was a separate region in the inferior, as opposed to superior, parietal lobe. Third, the TMS protocols were different between the two studies: we used 40 s cTBS, whereas Hodsoll et al. (2009) used 1 Hz rTMS for 10 min. All of these methodological differences could contribute to the differences in the results.
Our results could be interpreted in terms of a criterion shift in the decision threshold. The activity of neuronal populations in parietal cortex correlates with perceptual decisions in nonhuman primates Newsome, 1996, 2001; Hanks et al., 2006; Kiani and Shadlen, 2009 ) and human subjects (Heekeren et al., 2004; Ploran et al., 2007; Tosoni et al., 2008; Ho et al., 2009) . If the activity in the left SPL were important for keeping the response decision threshold low, disruption of this region would make the decision threshold higher, thus delaying response times. This idea is compatible with the increase in reaction times that we observed following TMS over the left SPL (Fig. 3 A, B) . However, this account would also predict a speed-accuracy trade-off (Bogacz et al., 2010) , and a more conservative criterion would also result in higher accuracy following TMS. However, we did not observe any effect of TMS on accuracy in the present study (Fig. 3C,D) . Since the accuracy was generally very high (ϳ90%) in our experiment (Fig. 3C,D) , the absence of a TMS effect on accuracy may simply reflect a ceiling effect. It will therefore be interesting for future work to test the possibility that the left SPL maintains a low threshold for decision using a task (e.g., random dot motion task) suitable for teasing apart elements that affect speed and accuracy in decision making (Gold and Shadlen, 2007) .
We found that the gray matter density of the left SPL was larger among highly distractible individuals. This positive correlation is interesting, because it has previously been implicitly assumed that a larger cortical volume or greater gray matter density is associated with better performance. Here, we show that greater gray matter density in adults can be associated with poorer performance. A number of possible explanations can be offered from a developmental perspective.
During adolescence the synapses in human cortex undergo a pruning process (Huttenlocher and Dabholkar, 1997) , which is supposedly linked with improved processing efficacy of pruned cortical regions. As the reduction of gray matter density due to the pruning process occurs between childhood and early adult life across broad areas of the cortex, including the left SPL, more mature brains tend to have smaller SPL (Gogtay et al., 2004) . Considering cortical pruning as a process of maturation, it is conceivable that smaller volume (or gray matter density) of the left SPL leads to more efficient attentional control by this region. In fact, situations where smaller cortical volumes are associated with better behavioral performance have been reported in music perception (Hyde et al., 2007) , in autism (Hyde et al., 2010) , and in the ability to manipulate self-generated thoughts (Dumontheil et al., 2010) . While this maturation hypothesis can provide an explanation as to how smaller gray matter volume in a cortical area could lead to better behavioral performance, further studies are needed to determine when larger cortex leads to poorer performance.
An alternative explanation for our findings is that in highly distractible individuals the left SPL has undergone compensatory structural changes to provide them with essential top-down control to function normally in daily life (the compensation hypothesis). However, this interpretation assumes that the actual source of distractibility is elsewhere and the left SPL only plays a compensatory role. While this interpretation is compatible with the TMS results, importantly, our VBM analysis did not reveal any region that showed a stronger correlation with the distractibility score than the left SPL (or indeed any other significant correlations). The only area that showed negative correlation was the left prefrontal cortex, but the correlation was weak and did not reach a statistically significant level (Fig. 1 B) . If this area were the primary cause of distractibility in everyday life, it would be expected to show a more direct link with the distractibility scores than secondary areas showing compensatory growth in response to the deficiency. Note that both the maturation hypothesis and compensation hypothesis assume that the role of the left SPL is to control attention in the presence of distracting stimuli and are both compatible with the TMS results.
A recent study showed that chronic multitaskers in the media environment are worse at filtering out interference from irrelevant information (Ophir et al., 2009 ). Our results predict that heavy media multitaskers who are highly susceptible to distraction are likely to have greater gray matter density in the left SPL. However, the causal relationship between distractibility and multitasking in everyday life remains to be resolved, and it will be interesting to examine how our media-rich online culture influences individual brain structures and distractibility.
In summary, we have shown that interindividual variability in self-report measures of distractibility in everyday life are predicted by the focal gray matter density in left superior parietal cortex. Using TMS, we have causally linked the function of this left superior parietal region to maintaining top-down control in the presence of task-irrelevant distraction.
